The nicotinic acetylcholine receptor as probed by a-bungarotoxin binding has been isolated from detergent-solubilized ganglionic membrane preparations from the insect, Locusta migratoria.
lized ganglionic membrane preparations from the insect, Locusta migratoria.
The isolation and characterization of the receptor protein was achieved by preparation of membrane fragments, extraction by sodium deoxycholate, centrifugation on sucrose density gradient, affinity chromatography, gel electrophoresis, and immunoblotting. The purified receptor protein migrated as a single band on polyacrylamide when native (M, = 250,000 to 300,000) but also under denaturing conditions (M, = 65,000) and cross-reacted with some monoclonal antibodies against the Torpedo receptor. In immunohistochemical approaches using polyclonal antibodies the acetylcholine receptor antigenic sites could topochemically be identified at very distinct zones in the neuropil of locust ganglia. The results suggest that the acetylcholine receptor in the central nervous system of insects represents an oligomeric complex composed of four identical or very similar subunits and thus may represent a prototype of the recently proposed homo-oligomeric ancestral acetylcholine receptor.
The receptors for acetylcholine at the peripheral synaptic sites, i.e., in fish electromotor synapses and vertebrate neuromuscular junctions, are well characterized proteins, composed of four subunits present in the ratio of 2:i :I :I (Conti-Tronconi and Raftery, 1982; Maelicke, 1984; Popot and Changeux, 1984) . Since acetylcholine is present to a greater or lesser extent also in the central nervous tissue, there is a great deal of interest in the molecular identity of the receptor in the central nervous system (CNS).
The identification of peripheral acetylcholine receptors was greatly facilitated by the use of snake venom a-toxins, notably a-bungarotoxin (o(-BGTX). Although electrophysiological evidence for the existence of nicotinic acetylcholine receptors in the CNS has been presented (Oswald and Freeman, 1981) and binding sites for 01-toxins have also been found in brain tissue, it is presently highly controversial whether these cY-BGTX-binding sites in central nervous tissue represent really functional receptors (Morley and Kemp, 1981) .
Studies on the neuroanatomical distribution of the main components of the cholinergic system have demonstrated that only a fraction of the total neurons in the brain and spinal cord of vertebrates are cholinergic in nature (McGeer et al., 1978) and, furthermore, that muscarinic receptors predominate in this tissue (Salvaterra and Foders, 1979; Breer, 1981a) . Thus, the brain tissue of vertebrates seems not to be the favorite tissue to study the molecular properties of acetylcholine receptor in nerve cells. The CNS of insects may be much more appropriate, since acetylcholine has been shown to be the major excitatory transmitter in insect ganglia (Florey, 1963) and several recent studies have demonstrated the presence of saturable, specific binding sites for wBGTX with distinct nicotinic pharmacology in the CNS of various insect species, and the concentration of these "receptors" was shown to be considerably higher in insect ganglia than in any region of mammalian brain (Dudai, 1979; Breer, 1981 b) ; furthermore, for the nervous tissue of insects there is definite electrophysiological evidence that a-BGTX blocks the function of postsynaptic acetylcholine receptors, suggesting that in this tissue the toxin-binding sites represent acetylcholine receptors (Sattelle et al., 1980) . Thus, the nervous tissue of insects may offer a promising starting material for characterizing the nicotinic acetylcholine receptor at cholinergic synapses of nerve cells and to compare its molecular properties with the well characterized receptor of muscle cells and electrocytes. Furthermore, the identification of the receptor protein from insect CNS will yield some valuable information for the efforts to characterize the nicotinic binding sites in the CNS of vertebrate species. Thus, studies on the insect receptor may contribute to the unraveling of the phylogenetic development of the acetylcholine receptor which is currently under intensive discussion due to the very pronounced sequence homology between the subunits of the receptor molecule in electrocytes (Raftery et al., 1980) .
Here we report the isolation of the acetylcholine receptor from the nervous system of the locust, the characterization of its molecular forms, as well as the definition of its subunit structure and its location in the insect nervous system.
Materials and Methods
Adult Locusta migratoria migratoroides (males and females) were received from the lnsektarium Dr. Fneshammer, Jaderberg. The insects were kept in specral cages several days before use. All of the chemicals were of reagent grade and solutions were prepared in glass-distilled water. Cyanogen bromide-activated Sepharose 4B and a-toxins from Bungarus multicinctus as well as d-tubocurarine and carbamylcholrne were obtained from Sigma Chemical Co. '251-labeled ol-BGTX was received from Amersham.
isolation of neuronal membrane fraction. Locusts were anesthetized by cooling at 4°C and decapitated.
The head and thoracrc ganglra were dissected and collected at 0°C or stored at -70°C. The nervous tissue of 15 to 20 insects were homogenized In a prechilled microhomogenizer using an antiprotease buffer (10 mM sodium phosphate, pH 7.4, 100 mM NaCI, 5 mM EDTA, 3 mM EGTA, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 0.2% sodium azide). Nuclei and debris were separated by centrrfugation at 1,000 x g for 10 min. Binding assays. Aliquots of the resuspended membranes were incubated with ['"?I-cu-BGTX (0.5 nM, 0.3 &i), and the specific binding was determrned by the filtration technique using Whatman GF/C filters as described previously (Breer, 1981 b) . lncubatton was performed for 2 hr at 20°C or at 4°C overnight. To minimize the unspecific btnding to the filters, the discs were preincubated in bovtne serum for at least 1 hr prior to use.
Toxin binding of the detergent-solubilized membrane proteins was determined usrng a modified version of the DEAE disc procedure of Schmidt and Raftery (1973) .
Sucrose density gradient centrifugation. Linear gradients from 5 to 20% sucrose (w/v) were prepared in 10 mM Tris-HCI, pH 7.4: 100 mM NaCI, 5 mM EDTA, 3 mM EGTA, 0. subsequently, prefiltered glutaraldehyde was added to the suspension at a final concentration of 0.25%, and incubation was continued for 30 min, followed by centrifugation; thereafter the membranes were solubilized with deoxycholate (1%). Detergent extracts and partially purified receptor preparations were labeled and crosslinked in the same way, followed by separation of polypeptides on polyacrylamide gradient gels without SDS and reducing agents, but in the presence of deoxycholate.
The gels were ftxed, stained, and dried, and finally exposed to x-ray film (Kodak X-omat) for 2 to 5 days at -80°C.
Preparation of polyclonal antibodies. Affinity-purified binding protein emulsified in an equal volume of Freund's adjuvant was injected subcutaneously into rabbits at multiple sites. Rabbits were bled every 2 weeks and admintstered a booster injection every 4 weeks.
Immunoblotting lmmunohistochemistry. The mesothoracic ganglia of locust were excised, quickly frozen, and sectioned in a cryostat; the sections were dried and fixed in paraformaldehyde.
After preincubation, the specimens were incubated with rabbit anti-(65.kilodalton (kd) protein) antiserum or with preimmune serum at the same dilution for control. Following this incubation the slides were rinsed with phosphate-buffered saline containing 1% normal goat serum and then incubated with goat anti-rabbit IgG. Subsequently the samples were rinsed and further incubated for 30 min with a solution containing a soluble complex of peroxidase-rabbit antiperoxidase (Sternberger). After this last incubatton the samples were rinsed in buffer and the bound peroxidase was then reacted with 0.06% hydrogen peroxide and 3,3'-diaminobenztdine (0.6 mg/ml) (Salvaterra et al., 1985) .
Results
A whole nervous system of an adult locust (head and thoracic ganglia) contains approximately 2 pmol of oc-BGTX-binding sites. Solubilization of the toxin-binding components from neuronal membranes was achieved with anionic detergents, such as sodium deoxycholate, without affecting the features of toxin-receptor interaction. The detergent extract obtained after incubating membrane fractions with sodium deoxycholate (1%) in antiprotease buffer for 30 min, followed by centrifugation at 45,000 X g for 30 min, was submitted to various procedures for determining the molecular size and homogeneity of the putative receptor protein.
A detergent extract, supplemented with markers like blue dextran, catalase, and phosphatase, was subjected to gel permeation on a Sephadex G-150 column. Most of the binding sites were detected in the elution fractions right after the void volume, prior to catalase, indicating that the solubilized binding components are macromolecules, larger than catalase. However, the apparent molecular weight may be an overestimation caused by an excess of detergent as was frequently observed for membrane proteins (Biesecker, 1973) .
As an alternative test for homogeneity of the cr-BGTX-binding proteins, a detergent extract was submitted to sedimentation in sucrose density gradients containing Triton X-100 (1%). A typical sedimentation profile is presented in Figure 1 . It is evident that the receptor sediments as one major protein species, close to catalase; Breer et al. Vol. 5, No. 12, Dec. 1985 its position corresponds to a sedimentation coefficient of about 10 S. Essentially the same results were obtained if a purified receptor preparation, received by affinity chromatography (see below), was applied on the gradient; these results indicate that purification obviously did not alter the hydrodynamic properties of the receptor macromolecules.
The sedimentation coefficient of approximately 10 S suggests that the apparent molecular weight of the insect acetylcholine receptor is slightly higher than that reported for receptors from electric tissue for which sedimentation coefficients of 9 S were determined (Conti-Tronconi and Raftery, 1982) .
In order to achieve additional information on the hydrodynamic properties of the insect receptor, further analyses were performed using gradients with low concentrations of detergents. In the presence of only 0.1% Triton X-100, another population of binding proteins was detected centered around 15 S; the number of binding sites in the IO S position was proportionally reduced. These changes in the hydrodynamic properties were not due to some special effects of Triton X-100, e.g., oxidizing contaminants (Ashami and Catravas, 1980) but were obviously caused by a critical detergent concentration, as became evident in experiments using different detergents. Thus, at very low detergent concentrations receptor proteins solubilized from neuronal membranes may aggregate by hydrophobic interaction and thus produce multimeric complexes. A similar observation has recently been reported for the acetylcholine receptor from the electric tissue of Torpedo (Rtichel et al., 1981) . Since the hydrodynamic behavior of the binding protein is expected to primarily reflect the homogeneity of the receptor-carrying micelles rather than that of the receptors themselves, based on the data presented so far, it cannot be decided whether a unique receptor protein exists in the insect nervous tissue.
As an alternative to the sucrose gradient centrifugation technique polyacrylamide gradient gel electrophoresis was employed to study the properties of the native receptor protein under nondenaturing conditions. In a gradient gel the mobility of the migrating polypeptide will approach zero as soon as the matrix pore size is too small for the molecule; thus, the position in the gel will reflect molecular weight and shape of the protein under study (Riichel et al., 1981) . To identify the binding protein in the polypeptide pattern from a crude preparation, the receptor proteins were labeled with ['251]-o(-BGTX; labeled toxin was crosslinked onto the protein by glutaraldehyde treatment prior to electrophoresis under nondenaturing conditions. Membrane preparations, solubilized membrane proteins, and partially purified receptor preparations (10 S fractions from a density gradient) from locust ganglionic tissue were labeled and crosslinked with ["51]-~-BGTX and subsequently processed for gradient electrophoresis. After electrophoretic separation followed by autoradiography, only one single major band was found to be labeled (Fig. 2) . The position of the labeled band in the gel corresponds to a molecular weight between 250,000 and 300,000. The receptor protein, purified to homogeneity by affinity chromatography using Sepharose 4B gel coupled with a-BGTX (see below) was electrophoresed on an equivalent gradient gel; thereafter only a single staining protein band could be visualized using the sensitive silverstaining procedure (Fig. 3, lane 3) . The position of this band coincided with the bands labeled by radioactive c~-BGTX in crude preparations and detected by autoradiography.
The concordance of the position of the radioactivity band and of the staining band was evident. It should be noted that the mobility of the free receptor and the receptor-toxin complex should be very much the same in gels due to the very small net charges on the toxin (pl = 9.8) at the high pH values in the gels. A similar co-migration of receptor and receptor-toxin complex has been reported by Meunier et al. (1974) for the receptor from f/ectrophorus electricus. The results from gradient electrophoresis experiments demonstrate that the native acetylcholine receptor from insect nervous tissue represents a macromolecule of 250,000 to 300,000 daltons and thus confirm the characteristics of the receptor protein revealed by centrifugation and gel filtration.
In order to elucidate the subunrt composttron of high molecular weight receptor protein from insects, affinity-purified receptors were used for further analysts. The receptor protein was isolated from detergent extracts of membrane preparations isolated from freshly dissected locust ganglia and purified by affinity chromatography utilizing o(-BGTX as ligand immobilized on Sepharose 4B. The affinity gel was shown to bind more than 90% of the solubilized receptor protein applied onto the column. In the extensive washing steps, most of the protein was eluted, but very few binding sites were eluted; and adsorbed receptor molecules were recovered by biospecific elution using carbamylcholine or d-tubocurarine. The resulting eluate fractions contained very small amounts of protein but almost all of the toxin-binding sites; thus, an enormous purification was achieved (Breer et al., 1984) .
As a first step for dissecting the native receptor, the purified protein isolated in the presence of N-ethylmaleimide to protect disulfide bridges, was treated with denaturing detergent (SDS), but under nonreducing conditions, followed by electrophoresls on a linear polyacrylamide gradient gel (2.5 to 20%). After silver staining, one distinct band could be identified, which corresponds to M, = 260,000, obviously equivalent to the native receptor protein (Fig. 3) . If the protein solution in SDS sample buffer was boiled prior to applying onto a gradient electrophoresis, in addition, a further migrating band corresponding to Mr = 130,000 was observed. These 2. 3.
F/gure 2. Autoradlogram showing the native receptor labeled with ["'I]-,-BGTX and crossllnked by glutaraldehyde followed by electrophoretlc separation on polyacrylamlde gradlent gels under nondenaturing conditions and in the presence of 1% deoxycholate. In the membrane preparation (lane 7), the detergent extract (lane 2), and the partially purifted receptor preparation (lane 3), only one protein band was labeled, which corresponds to M, = 250,000 to 300,000, as determtned by companng with standard proteins (Pharmacia, HMW calibration kit: ferrittn = 440 kd, thyroglobulin subunit = 330 kd, catalase = 232 kd, lactate dehydrogenase = 140 kd, albumin = 67 kd). In lanes 2 and 3 the distributron of radioactIvity IS not in such a sharp band as rn lane 7. This IS probably due to the glutaraldehyde remaining in the sample during electrophoresis, whereas in the membrane preparation (lane 1) the excess of glutaraldehyde was removed prior to solubilization. In subsequent experiments, reducing agents, such as 2-mercaptoethanol or dithiothreitol (DTT), were included in the sample buffer, and the sample was briefly boiled before applying onto a continuous polyacrylamide gel (12.5%). After DTT treatment, followed by iodoacetamide to prevent re-forming of disulfide bridges, only one protein band could be visualized in the gel after separation and staining either by Coomassie blue or silver stain. The position in the gel corresponds to M, = 65,000 (Fig. 4. lane 3) ; the proteins of this band were selectively separated from the multiple bands seen in the detergent extract (Fig. 4, lane 2) . If the sample was extensively boiled in sample buffer (SDS, -mercaptoethanol), or if stored for several days prior to electrophoresis, a second component with an apparent M, = 58,000 was faintly detectable (see also Breer et al., 1984) ; this is probably due to proteolytic nicking.
In order to demonstrate that the 6.5kd band indeed originated from a 130-kd dimer, the samples were treated with different concentrations of DTT prior to electrophoresis. As can be seen in Figure   440 by the affinity gel and was eluted with cholinergic ligands; i.e., the affinity-purified receptor is obviously composed of identical or very similar polypeptides (M, = 65,000).
5, in the presence of DTT the protein stain in the 130-kd position disappeared, whereas the peak at the 65-kd position increased simultaneously, indicating that the 130-kd polypeptides were converted into 65-kd units by the action of reducing agents. Similar results were obtained with 2-mercaptoethanol, suggesting that the 65kd monomers are interlinked via disulfide bridges. However, the link seems not to be extremely strong since the monomeric form was also predominantly found after prolonged incubation at room temperature. The gel position of the subunit monomer could not be changed by prolonged detergent treatment or by using higher concentrations of detergents or reducing agents. Thus, the 65-kd polypeptide seems to represent the constituent of the acetylcholine receptor in the CNS of the locust.
In a recent study we have demonstrated that a few antibodies from a library of monoclonal antibodies raised against the acetylcholine receptor from Torpedo marmorata (Watters and Maelicke, 1983) snowed considerable cross-reactivity with neuronal membrane preparations from locust ganglia (Fels et al., 1983) . In order to evaluate whether these antibodies recognize the isolated subunits of the locust receptor as well, polypeptides were separated by SDSpolyacrylamide gel electrophoresis and transferred in a renaturing environment on nitrocellulose sheets by electroblotting. Incubation 3390 Breer et al. Vol. 5, No. 12, Dec. 1985 ph. with supematant of the hybridoma clone N2-A9-El0 followed by a vlsuallzation procedure showed that the insect receptor subunits were recognized by this antibody (Fig. 6) . The significant antigenic cross-reactivity between insect bungarotoxin-binding protein and the Torpedo acetylcholine receptor represents independent evidence that the isolated 65kd polypeptide is a constituent of the acetylcholine receptor in locust and implies some structural homology both receptor types.
Further evidence for establishtng the receptor nature of the identified polypeptides may be received by investigating its location in the nervous system of the locust, using an immunohistochemical approach. Antibodies against the affinity-purified polypeptides were raised in rabbits and applied to tissue sections of the locust thoracic ganglia followed by unlabeled goat anti-rabbit IgG and then the soluble complex of peroxidase-rabbit antiperoxidase.
Using this procedure it could be demonstrated that the antigenic sites are distributed in very distinct areas of the neuropil, zones which are very rich in neuronal connections (Fig. 7) . No labeling was detected over the ganglion-surrounding sheaths and the peripheral cell layers. Thus, the appearance of the antigenic sites in immunocytochemical preparations is consistent with its location at neuronal synapses.
Discussion
The purified acetylcholine receptor from the CNS of insects exists as a homogenous protein species, when isolated under conditions designed to minimize proteolytic degradation; it gives a single peak by centrifugation on sucrose gradients and it migrates as a single protein band by polyacrylamide gel electrophoresis under nondenaturing conditions. The identification of this protein as acetylcholine receptor is based on its saturable binding of ol-BGTX specifically inhibited by nicotinic cholinergic ligands (Breer et al., 1984) which resembles the pharmacology found for the ligands to block cholinergic transmission in the ganglia of insects (Sattelle et al., 1980) . Furthermore, the solubilized (Fels et al., 1983) and purified receptor protein (Fig. 6) showed a significant immunological cross-reactivity to the identified acetylcholine receptor from Torpedo. Additional support for its identity comes from the specific location of the 65-kd antigenic polypeptide in very distinct areas of the neuropil from locust ganglia as revealed in immunohistochemical studies with rabbit anti-(65kd protein) antiserum; the immunoreactive sites were found concentrated in zones of the neuropil which are supposed to contain cholinergic synapses. Furthermore, current approaches to reconstitute the affinity-purified receptor protein in planar lipid bilayers succeeded in demonstrating that the affinity-purified receptor protein Figure 7 . Localization of antigenic sites in locust mesothoracic ganglia. Cross-sections (20 pm) were treated with antisera followed by goat antirabbit IgG and peroxidase-antiperoxidase.
Note the heavy labeling of distinct areas in the neuropil.
is indeed able to transduce acetylcholine agonist binding into a cation-specific permeability increase (W. Hanke and H. Breer, manuscript in preparation). Thus, it seems reasonable to conclude that the purified protein is In fact the acetylcholine receptor itself or an Integral part of what could be a larger functional receptor unit in the membrane.
The size of the receptor protein appears to represent an apparent M, = 250,000 to 300,000 as determined by gradient gel electrophoresis, cross-linking experiments, and the sedimentation coefficient. The apparent higher molecular weight determined by gel filtration is obviously overestimated due to detergent binding, as was observed for other membrane proteins (Biesecker, 1973) .
Treatment of the macromolecular receptor protein with denaturing condltlons (SDS, DTT) caused its dissociation into subunits of apparently identical size (M, = 65,000). If there is any microheterogeneity of the subunits, it will be revealed by forthcoming analytical studies using two-dimensional electrophoresis. Whether the subunits are assembled via S-S bridges in the native receptor complex as may be supposed by the results of nonreducing electrophoresis has to be substantiated. Nevertheless it appears from the present study that the native acetylcholine receptor in the central nervous tissue from insects IS a membrane protein with a molecular size of 250,000 to 300,000, which represents an oligomeric complex of four identical or very similar polypeptides (M, = 65,000).
The suggestion that the acetylcholine receptor from insects represents a tetramer of 65-kd subunits holds a certain measure of appeal since it has been noted that complex proteins are generally constructed from identical or very related subunits (Matthews and Bernhard, 1973).
The homo-oligomeric organization of the insect receptor is furthermore of particular interest in view of the evolution of the nicotinic acetylcholine receptor. Based on immunological studies and the amino acid sequence homology of the four different polypeptides forming the acetylcholine receptor in vertebrate peripheral synapses, a common genetic origin during evolution of the receptor constitutents has been suggested; the genes coding for the subunits of the receptor protein must have originated from a common ancestral gene via duplication (Raftery et al., 1980; Noda et al., 1983) . The likely existence of such a unique acetylcholine-binding ancestral protein is supposed to have been a home-oligomeric complex from which the recent hetero-oligomeric receptors have evoled (Popot and Changeux, 1984) .
Whether the identified homo-oligomeric acetylcholine receptor from the insect species, Locusta migratoria, which is classified in the phylogenetically rather ancient insect order, Orthoptera, and which is thus far apart from vertebrates on the evolutionary scale, can be considered as a representative of an ancient form of acetylcholine receptor& unclear yet. However, the determination of the amino acid sequence at the N-terminal of the insect receptor protein and in particular the elucidation of its complete primary structure by cloning and sequencing cDNAs for this polypeptide will show whether there are any significant structural similarities between the insect and the Torpedo receptor and may shed some new light on the molecular evolution of the acetylcholine receptor. In a first approach the nervous tissue of locust was probed for receptorspecific mRNA using Xenopus oocytes as an assay system for identifying the mRNA coding for oc-BGTX-binding protein (Breer and Benke, 1985) . Another aspect of interest points to the possibility that a homooligomeric organization may be an attribute of acetylcholine receptors from nerve cells in general. Whereas a hetero-oligomeric structure has been demonstrated only for receptors in electroplaques or muscle cells, there are some reports indicating that the a-BGTXbinding protein of chick optic lobe (Betz et al., 1982; Norman et al., 1982) and mouse brain (Seto et al., 1981) and the binding sites for nicotine in rat brain (Abood et al., 1983 ) may represent complexes of subunits with M, = 51,000 to 57,000. lmmunochemical studies using monoclonal antibodies against the chick optic lobe binding sites (Betz and Pfeifer, 1984 ) may contribute to elucidating any molecular relationship between binding sites from insect and chick nervous tissue.
